data not shown). 2000). This gap was observed with both purified Sec61
The translation products of the HA-tagged construct complexes and with less defined native translocons, ran slightly higher than the untagged ones and were and even under conditions where a signal sequence was recognized by a monospecific antibody ( Figure 1a , lower assumed present. This led to a challenge of the current panel). view of seal formation between ribosome and channel.
A crude ribosome fraction was isolated by spinning It is difficult to understand, however, that these maps the translation reaction through a high salt/high sucrose of presumably translating ribosomes show no tRNA dencushion, which also resulted in dissociation of nonribosity and that no conformational difference between acsomal proteins from RNCs. The mixture of empty ribotive and inactive channels could be detected (Mé né tret somes and RNCs was then incubated with a biotinylated et al., 2000).
anti-HA antibody and streptavidin-coupled magnetic Taken together, it is not clear on what structural basis beads. After washing the beads with high salt and deterthe ribosome-PCC complex can fulfill its different funcgent containing buffers, the bound RNCs were eluted by tions in cotranslational translocation without comproincubation with an excess of corresponding HA-peptide mising the ion permeability barrier of the membrane. and spun through a sucrose cushion again. For the Here, we present a cryo-EM reconstruction of a complex tagged construct, this procedure resulted in a highly containing the translating yeast 80S ribosome, a peptienriched RNC fraction (Figure 1b ) with small amounts dyl-tRNA, a nascent polypeptide chain including a signal of detectable ribosomal proteins but a strong 35 S-signal sequence, and the Sec61 complex at a resolution of due to the presence of labeled nascent chains. Most 15.4 Å . The fact that the tRNA is visible with high occuimportantly, however, the purification procedure did not pancy gives us confidence that the complex indeed replead to any detectable background when performed with resents a translating ribosome. Based on homology the untagged control construct (DP120, Figure 1b ). We modeling, we provide a molecular analysis of the comscaled up the procedure to purify sufficiently large plex and propose a mechanistic model for cotranslaamounts (0.25 OD 260 , ‫5ف‬ pmol) for further studies. The tional translocation.
isolated RNCs showed the characteristic pattern of ribosomal proteins ( Figure 1c ) and were stable for at least Results and Discussion 9 hr on ice without significant hydrolysis or dissociation of the peptidyl-tRNA (data not shown). Thus, we deProgramming, Purification, and Reconstitution scribe a method for the isolation of a homogenous fracof RNC-Channel Complexes tion of programmed (80S) ribosomes, which (1) carry a We chose a strategy to first isolate a homogenous popuchosen nascent chain kept in place by the P site tRNA, lation of ribosome-nascent chain complexes (RNCs) (2) are virtually free of empty ribosomes and additional carrying a signal sequence, and then, in a second step, factors, (3) are stable enough for further experiments, to use these RNCs for reconstitution of the RNC-channel and (4) can be isolated in quantities sufficient for biocomplex in a membrane-free system for cryo-EM and chemical and structural studies. 3D reconstruction. As a nascent chain, we used the first Next, we attempted to reconstitute the active, i.e., 120 amino acids of the yeast vacuolar type II membrane translating and translocating, ribosome-channel comprotein dipeptidylaminopeptidase B (DAP2), which is plex using the RNC preparation and purified Sec61 comtranslocated cotranslationally in vivo (Ng et al., 1996) . plex in a membrane-free system. The length of the naThe transmembrane domain of this protein in positions scent chain (HA-DP120) was chosen such that the signal 30 to 45 serves as an uncleaved signal sequence, which sequence and at least 40 additional amino acids beinserts into the membrane in a loop, resulting in a cytotween the signal sequence and the C terminus should solic orientation of the N terminus. be fully emerged from the tunnel of the large ribosomal The ribosomes were programmed in a yeast cell-free subunit (Blobel and Sabatini, 1970 The RNC-channel complex reconstituted in DBC was used for structure determination by cryo-EM and single grees of efficiency; most efficient was an excess of Sec61 complex in the detergent DeoxyBigChap (DBC), particle reconstruction. As a control, empty ribosomes were isolated from a translation system lacking mRNA leading to a fraction of approximately 75%-85% protected chains. Higher concentrations of the Sec61 comand reconstituted under the same conditions with the Sec61 complex. Figure 2 shows the structures of the plex or the presence of phospholipids did not significantly change the degree of protection. In contrast, active and inactive complexes determined at a resolution of 15.4 Å and 18.9 Å , respectively, based on the incubation with the Sec61 complex in Triton X-100 led only to 15%-25% protected chains (Figure 1d) . Thus, Fourier shell correlation criterion using a cutoff at 0.5 (corresponding to 10.9 Å and 13.7 Å using a cutoff at by using RNCs with the solubilized Sec61 complex in DeoxyBigChap, we successfully reconstituted an active 3). The lower resolution of the nontranslating ribosome is most likely a result of higher conformational variability, RNC-channel complex with fully inserted nascent chain. To quantify the occupancy of RNCs with channel and to obtain additional confirmation of the contour levels chosen in this study, we sorted the translating complex particles computationally, dependent on the presence of density in the channel region (C.M.T.S., P.A.P., J.F., unpublished data). The particle distribution between the two resulting populations indicated that about twothirds of the ribosomes were carrying the channel, which agrees approximately with the degree of nascent chain protection in the protease protection assay (Figure 1d ). The reconstruction of the two subsets yielded two structures, both with clearly visible tRNA densities. As expected, only one of the structures had a channel density. The shape of this density is essentially identical to the structure shown, but the relative density of the channel is stronger (data not shown).
Presence of tRNA in the Programmed Ribosome
The tRNA density is shown with the same contour level as the ribosome. It is located in the P site of the ribosome and corresponds to an occupancy of at least 80%-90% of the ribosomes ( Table 1 ). The data for the map shown in Figure 3b of the empty ribosome (purified as described (Beckmann et al., 1997) from the strain RNAsin). To elute the bound RNCs, the beads were incubated with 200 l of buffer C including 1 mg/ml HA peptide (Boehringer MannEgd2aprA) were collected on a Philips CM12, and a set of 14,028 particles in 10 defocus groups between 0.8 m and 2.7 m was heim) for 30 min on ice and 15 min at RT. After rinsing of the beads with 100 l buffer C, eluates were combined in two fractions of 600 used for the 3D reconstruction at a final resolution of 24.8 Å . Separation of rRNA and protein density of the ribosomal subunits l and each spun through a 400 l high salt sucrose cushion as described above. The resulting pellets were slowly resuspended in (Spahn et al., 2000) , as well as calculation and docking of RNA and protein structure models, is described in the accompanying paper 50-100 l of buffer G ( 
